The effect of therapeutic range ultrasound (1 MHz) on skin permeation of D-mannitol, a highly polar sugar alcohol, inulin, a high molecular weight polysaccharide and physostigmine, a lipophilic anticholinesterase drug was studied in rats and guinea pigs. D-Mannitol and inulin are totally and rapidly excreted, once they have penetrated through the skin into the blood stream, permitting direct in vivo monitoring. For evaluating skin penetration of physostigmine the decrease of whole blood cholinesterase was measured. Ultrasound nearly completely eliminated the lag time usually associated with transdermal delivery of drugs. 3-5 min of ultrasound irradiation (1.5 W/cm2 continuous wave or 3 W/cm2 pulsed wave) increased the transdermal permeation of inulin and mannitol in rats by 5-20-fold within 1-2 h following ultrasound application. Ultrasound treatment also significantly increased (P < 0.05) the inhibition of cholinesterase during the first hour after application in both physostigmine treated rats and guinea pigs: while in control guinea pigs no significant inhibition of cholinesterase could be detected during the first 2 h after application of physostigmine, the ultrasound treated group showed a 15±5% (mean±SEM) decrease in blood cholinesterase 1 h after ultrasound application. For physostigmine-treated rats the level of cholinesterase inhibition 1 h after ultrasound application was 53±5% in the ultrasound-treated group and 35±5% in the controls.
Introduction
Topical administration ofdrugs has been used for many years, but only recently has controlled administration of systemic drugs through the skin (transdermal drug delivery) become a clinically accepted procedure. While the earliest indications that transdermal delivery might be useful date back to the 1960s (1) , the first transdermal therapeutic system (for scopolamine), was introduced in 1981. Recently, several other transdermal systems (for nitroglycerine, estradiol, clonidine) have been developed (2) . However, while transdermal delivery of drugs is an alluring concept, it has drawbacks that limit its scope. Relatively few drugs penetrate the skin at rates high enough to yield therapeutic levels in the plasma, and the lag time for establishing a stable concentration of the drug in the circulation may be several hours or even days (3) . For example: transdermal systems for clonidine proposed for antihypertensive therapy have been reported to reach therapeutic steady state levels only after one to two days (3); scopolamine which is used for treating motion sickness is also effective only several hours after application (4) . In order to enhance penetration of drugs through the skin it is possible to use chemical enhancers or to manipulate skin permeability by external means such as iontophoresis (5) . External modulation of skin permeability may allow better control of drug release rates than the use of chemical enhancers, as it can be stopped and reapplied according to need. The actual rate of administration of a systemic drug from a transdermal therapeutic system is related to the rate of drug release from the therapeutic system and the rate of drug permeation through the skin (6) . The lag time phase may also be attributed to both the skin and the transdermal system, as it takes some time for the drug to migrate from the therapeutic system and across the skin. We have previously shown that ultrasound can enhance the release rates of drugs through solid polymers (7) , and in the current study, examined the effect of ultrasound on skin permeation ofdrugs with special attention to the lag time period. Ultrasound has previously been explored for treating localized skin conditions (8) , and for delivering drugs to inflamed joints (9, 10) . However, there is limited quantitative information on the effect of ultrasound on the delivery and the lag time phase of transdermally administered drugs.
In the current study we report that ultrasound nearly completely eliminates the lag time associated with transdermal delivery, and in some cases increases the overall drug penetration through the skin. Three different substances and ttwo animal models, rats and guinea pigs, were used. The molecules evaluated were D-mannitol, a highly polar sugar alcohol, inulin, a large molecular weight polysaccharide, and physostigmine, a lipophilic molecule. D-Mannitol and inulin are totally and rapidly excreted (11, 12) permitting direct in vivo monitoring of the labeled drug once it penetrated through the skin into the blood circulation. Physostigmine is a reversible inhibitor of cholinesterase, used for its anticholinesterase action in glaucoma (13) , in tricyclic antidepressant poisoning (13) and in the treatment of Alzheimer's disease (14) . The biological effect of physostigmine was determined by measuring the decrease of whole blood cholinesterase of physostigmine-treated animals.
The ultrasonic unit applied was a therapeutic ultrasound system approved for human use.
Methods
Materials. were applied to the skin, followed by ultrasound application as described above. Urine was collected every 15-30 min for the first 2 h and at several additional times during the experiment, and the radioactivity was measured. For evaluating the effect of ultrasound on the transdermal delivery of physostigmine, blood samples of physostigmine treated rats or guinea pigs were obtained at specific times by cardiac puncture and the decrease of whole blood cholinesterase (ChE) activity was assayed by the Johnson method (16) .
Controls. Control animals in each experiment were treated by the procedure described above moving the ultrasonic applicator head over the treated area for 3-5 min, with the power level at the applicator set to zero.
To check for a possible decomposing effect of the ultrasound treatment on the applied D-mannitol, urine samples of the ultrasound treated rats and controls were compared by thin-layer chromatography on silica plates (Kieselgel 60; Merck) developed in t-butanol/pyridine/ water (6:4:3) or in t-butanol/formic acid/water (33:50:17) and visualized by phosphomolybdic acid reagent. The developed silica gel plates were cut to several sections according to the locations of the spots, and the pieces were placed in scintillation vials. I ml of distilled water was added to each vial to dissolve the mannitol, then 10 ml of Aquasol scintillation liquid was added and the radioactivity measured.
We also checked the ultrasound effect on ChE inhibition of blood previously inhibited by physostigmine in vitro. l-ml samples of heparinized blood collected from rats were incubated at 370C in the presence of 5 X 10-9-5 X 10-8 M physostigmine. After steady state was reached (-30 min), samples were placed in a water bath (room temperature) in which an ultrasonic probe was inserted for 5 min (3 W/cm2 pulsed wave). The level of cholinesterase inhibition before and after the ultrasound treatment was recorded (Table I) .
Histology. Rats exposed to ultrasound, as described above (5 min 3 W/cm2, pulsed wave), were killed using an overdose ofcarbon dioxide. Sections (5 mm) were prepared using hematoxylin and eosin staining.
Statistical analysis. Values are expressed as mean±SEM. Student's t test was used for statistical analysis.
Results
In vivo the pronounced effect of ultrasound on transdermal permeability was observed for all three molecules studied. During the first 2 h the secretion rate of radiolabeled mannitol was 20-fold higher in the ultrasound treated group than in the controls (Fig. 1) . In the inulin experiment (Fig. 2) , the experimental group had five times more excreted radioactive drug than the control group during the first hour.
In order to eliminate the possibility that the excess radioactivity observed in the excretion of ultrasound-treated rats was due to changes in urine flow rather than changes in skin permeation, the rats were catheterized, and the urine volume was recorded. The mean±SEM volume of urine secretion during the first 2 h was 1.50±0.25 ml for ultrasound-treated rats and 0.84±0.25 ml for the controls (in the mannitol experiment). The fact that the urination rate of the ultrasound-treated rats was less than twice that of the control rats is thus unable to account for the much higher changes in drug excretion. The possibility ofartifact in the amount of D-mannitol and inulin recovered due to tritium exchange with surrounding aqueous media was also evaluated. The media was assayed as described by Brown et al. (17) . No To estimate the permeation of physostigmine through the skin, we measured the decrease in blood ChE which depends on the concentration of physostigmine in the blood (Table I) C., Control animals. no US. n = 4. Values are mean±SEM. (18) . The level of ChE inhibition 1 h following ultrasound application was significantly higher (P < 0.05) for both rats and guinea pigs in the ultrasound treated animals than in controls. No significant inhibition of ChE could be detected during the first 2 h after application of physostigmine to control guinea pigs, while the ultrasound-treated group showed a 15±5% decrease in ChE activity 1 h after ultrasound application (Fig. 3 ). 5 h after ultrasound application, the level of ChE inhibition was 13±4% for both groups (not shown). For the physostigmine-treated rats, the level of ChE inhibition 1 h after application was 53%±5 in the ultrasound group and 35%±5 in the control (Fig. 4) . To rule out the possibility of ultrasound itself affecting blood ChE activity, ultrasound energy (same conditions as for experimental animals) was applied to a dorsal site ofdrug-free animals and blood ChE activity was assayed before and after ultrasound treatment. Ultrasound treatment alone had no effect on the level of ChE inhibition in vivo, nor did it have any effect on the level ofChE inhibition of physostigmine-treated blood in vitro (Table I) , thus indicating that the higher ChE inhibition is directly related to increased drug penetration. Furthermore, when ultrasound was applied to guinea pigs 1 h before physostigmine application, there was no difference in ChE inhibition between the experimental group and the controls. The increase in surface skin temperature measured immediately after ultrasound application did not exceed 1-20C. Mechanistic studies. To gain insight into the mechanism of ultrasonically enhanced release, synthetic membranes were evaluated in an in vitro diffusion cell. The advantages of using such a defined system involving synthetic membranes rather than skin are that these membranes are very reproducible and their permeability characteristics are well characterized. Therefore individual effects contributing to ultrasound enhanced permeability can be accurately assessed. Studies were conducted to examine both the reversibility of the ultrasound effect and the mechanism ofthis effect. To evaluate the reversibility of the ultrasound phenomenon, experiments were performed in which the ultrasound was turned on and offalternatively at different power levels and the permeability was calculated. Fig. 5 shows the effect of ultrasound power on the ratio of permeabilities (while exposed to ultrasound to the permeability in unexposed solutions). As can be seen the effect is reversible. The permeabilities ofthe membranes return to their original values (before ultrasound application), when the output power of the ultrasound was set back to zero.
We considered three factors that might contribute to ultrasound enhanced permeability: mixing, cavitation, and temperature. To examine whether ultrasound might affect a boundary layer surrounding the membranes, and therefore cause higher permeability values, experiments were performed under controlled mixing rates. A boundary layer is a thin layer of fluid created when a fluid flows over a surface. The velocity in this layer decreases until it is zero at the surface. The boundary layer is an additional resistance for drug transport. The thickness of the layer is inversely proportional to the velocity of flowing fluid and therefore mixing could eliminate a boundary layer and its effect on permeability. Table II summarizes the effect of mixing on the urea permeability through cuprophan membranes. From 600 rpm and greater there is no effect of additional mixing on permeability. An additional factor that could be associated with ultrasound is cavitation (i.e. formation and collapse ofgas cavities in the liquid creating shock waves). Pulsation of cavitation bubbles might affect the boundary layer as well as transport by convection. Therefore experiments were conducted in degassed buffer, where cavitation was minimized. The observed enhancement of urea permeability was much smaller: 23% (at 19.50C and 40% duty cycle) compared to 55% in the original buffer at the same conditions and temperature. Heat liberation will eventually be produced within any medium exposed to ultrasonic energy. As mass diffusivity is a function of temperature, urea permeability experiments through cuprophan membranes were performed at defined constant temperatures. The permeability vs. temperature displayed Arrhenius behavior (Fig. 6 ). Histology. Comparisons were made between rat skin exposed to ultrasound and controls not exposed to ultrasound. The sections of skin and associated underlying tissues appeared essentially the same and were within normal limits.
Discussion
One effect, due to ultrasound, observed in this study was the shortening of the lag time, normally associated with all forms of transdermal drug delivery. This was observed in all but the physostigmine-treated rats. The permeability of rat skin to physostigmine solution was relatively high, therefore the lag time phase was not observed perhaps because the sampling Effect of Ultrasound on Transdermal Drug Delivery periods were not frequent enough to detect it. However, although the systemic effect (ChE inhibition) could be observed after 1 h in both ultrasound-treated and the control rats, the effect was larger in the former group.
The fact that 3-5 min ofultrasound irradiation have shortened the onset time of transdermally applied substances suggests that ultrasound can temporarily and reversibly alter the permeability ofskin for both hydrophilic and lipophilic drugs. The reversibility of the ultrasound effect on skin was demonstrated by the observation that ultrasound irradiation of guinea pigs 1 h before drug application did not change the permeation rate ofphysostigmine through the skin. This is also supported by the observation that the penetration rate of physostigmine in guinea pigs, 5 h after ultrasound application, was the same for both ultrasound treated and controls, (as judged by the level of ChE inhibition) in contrast to the large difference in permeation rate observed right after ultrasound application (Fig. 3) .
The small increase in surface skin temperature observed after ultrasound application (l-20C), is not likely to cause dramatic changes in skin permeability (19, 20) . However, ultrasound is known for its ability to cause deep penetrating hyperthermia which may increase diffusivity, solubility of drugs, vasodilation and blood flow, all of which may facilitate drug penetration.
The mechanistic in vitro studies showed that ultrasound can reversibly enhance the permeability of synthetic membranes (Fig. 5) . The temperature increase of 1-20C based on the Arrhenius correlation has a relatively very small effect on the permeability. In addition to temperature, other important phenomena involved are mixing and cavitation. Although it's difficult to be certain whether the data obtained in the in vitro experiments with synthetic polymeric membranes are extendable to the in vivo situation with skin, it is likely that since both involve diffusion through membranes, that those factors which ultrasound affects most significantly in vitro (e.g., mixing, cavitation) also play a significant role in vivo (21) .
The observed phenomenon that short exposures of ultrasound can alter both the lag time and the permeability of transdermally administered substances suggests a number of future studies. Determining the appropriate ultrasonic frequencies, duty cycles, orientation, and energies to achieve desired effects for different drugs may greatly broaden the range of therapeutic agents that can be administered transdermally. Eliminating the lag phase associated with transdermal dosage forms may eventually broaden the use ofthese dosage forms to acute as well as chronic indications. Portable ultrasonic triggering devices must be developed, however, if this type of approach is to be generally usable. There has been considerable clinical interest in the use of iontophoresis to affect transdermal drug delivery (5) . The current study indicates that ultrasound may also be of value in this regard.
